












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Soil	 pH	range	 Targeted	minerals	 STP	Methods	
Acidic	 <	6.0	 Al‐P,	Fe‐P,	Mn‐P	 Bray	P‐1,	Mehlich	III	
~Neutral	 6.0‐7.2	 Al‐P,	Fe‐P,	Mn‐P,	Mg‐P,	Ca‐P	 Bray	P‐1,	Mehlich	III	
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Y =  0.012x
R2 = 0.88631





Y =  0.016x
R2 = 0.92679
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‐	 1.50 ൈ 10ସ	
	















‐	 1.54 ൈ 10ସ	
	
















‐	 9.50 ൈ 10ଷ	
	































































































































































































































































































































































3.0  2.5 mM Tripolyphosphate (He et al.)
 2.5 mM Tripolyphosphate (Asher)





3.75 mM Tripolyphosphate (He et al.)













































































0 20 40 60 80 100 120 140 160 180
0.04
0.05
 2.5 mM Phytic Acid (He et al.)





















 1.25 mM Tripolyphosphate (He et al.)
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2.0
 2.5 mM Tripolyphosphate (He et al.)
 2.5 mM Tripolyphosphate (Asher)
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3.0
3.5  3.75 mM Tripolyphosphate (He et al.)
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0.08  2.5 mM Phytic Acid (He et al.)






















(min)	 2.5	mM	 3.75	mM	 1.25	mM	 2.5	mM	 3.75	mM	
1	 <0.001	 <0.001	 <0.001	 <0.001	 0.017	
5	 0.001	 <0.001	 <0.001	 <0.001	 0.016	
10	 <0.001	 <0.001	 <0.001	 0.076	 0.017	
30	 0.001	 <0.001	 0.065	 0.203	 0.076	
60	 0.001	 0.004	 0.006	 0.026	 0.003	
90	 0.003	 <0.001	 0.038	 0.037	 0.006	
120	 0.001	 <0.001	 <0.001	 0.001	 0.024	
150	 <0.001	 0.003	 0.047	 0.022	 0.005	
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 Total P < 2.5 µm
 Linear fit of Pi desorbed (62 d)





























 Total P < 2.5 µm
 Linear fit of Pi desorbed (1d)
































 Total P < 2.5 µm
 Linear fit of Pi desorbed (62 d)









































 Total P < 2.5 µm
 Linear fit of Pi desorbed (1 d) 
 Linear fit of TP desorbed (1d)
Intercept -9.74329
Slope 0.18484

























5	 Occluded	P	 0.3	M	CD	 13.0 (Murphy	and	Riley	
1962)	





































































Soil	 Pi	 Po	 TP	
	 	 (mg	P	kg‐1)	 	
Fp_1	 272.02	±	1.96	 115.61	±	0.87	 387.02	±	2.01	
Fp_2	 283.25	±	0.77	 108.15	±	0.56	 391.41	±	1.22	
Mp_1	 432.05	±	0.23	 328.05	±	1.45	 760.10	±	1.89	























































































































































P	fraction	 Soil	 α	(mg/kg/h)	 β	(mg/kg)‐1	 R2	
TP	
Fp_1	 1.15E‐4	 2500	 0.9715	
Fp_2	 1.54E‐4	 3333	 0.9861	
Mp_1	 0.0947	 322.6	 0.9757	
Mp_2	 0.0664	 285.7	 0.9731	
Pi	
Fp_1	 2.14E‐6	 5000	 0.9898	
Fp_2	 5.41E‐6	 2.5E4	 0.9628	
Mp_1	 3.913	 666.7	 0.9548	
Mp_2	 2.814	 588.2	 0.9596	
Po	
Fp_1	 7.36E‐5	 1.67E4	 0.963	
Fp_2	 7.36E‐5	 5000	 0.9951	
Mp_1	 6.38E‐4	 714.3	 0.9772	
Mp_2	 4.94E‐4	 588.2	 0.9413	
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Table	4.8:	p	values	from	a	t‐test	matrix	of	P	concentration	averages	in	0.01	M	CaCl2	over	a	
time	period	of	62	d.	
Soil	 Time	(d)	 TP	<	0.45	μm	vs.	TP	<	2.5µm	
Fp_1	
1	 0.13802	
5	 0.11478	
12	 0.16276	
18	 0.11332	
32	 0.08981	
40	 0.06673	
62	 0.09046	
Fp_2	
1	 0.23493	
5	 0.14063	
12	 0.09791	
18	 0.14222	
32	 0.15253	
40	 0.21691	
62	 0.14453	
Mp_1	
1	 0.18901	
5	 0.21489	
12	 0.30306	
18	 0.25951	
32	 0.19847	
40	 0.25902	
62	 0.28536	
Mp_2	
1	 0.10663	
5	 0.30916	
12	 0.14565	
18	 0.2326	
32	 0.13871	
40	 0.20352	
62	 0.12552	
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Chapter	5:	Summary	and	conclusion	
	
5.1	Summary	and	conclusion	
An	overall	goal	of	this	study	was	to	investigate	the	effects	of	variable	extraction	time	
and	P	species	on	STP	using	appropriate	P	colorimetric	techniques	and	data	interpretation.		
The	experiments	in	Chapter	two	were	conducted	to	compare	the	detection	limit	and	
the	sensitivity	of	four	colorimetric	methods.	The	methods	designed	by	Murphy	and	Riley	
(1962)	and	He	et	al.	(1998)	use	an	excess	of	molybdate,	which	will	complex	with	
hydrolyzed	PO43‐	and	affect	absorbance	readings.	The	Dick	and	Tabatabai	(1977)	and	Asher	
(1980)	methods	were	developed	to	include	scavenger	ions	that	complex	with	excess	
molybdate,	thus	eliminating	the	detection	of	hydrolyzed	PO43‐.	All	methods	were	evaluated	
in	ultrapure	water,	Bray	P‐1	STP	extractant,	and	Mehlich	III	STP	extractant	and	compared	
on	the	basis	of	similar	methodologies	(i.e.	Murphy	and	Riley	(1962)	vs.	He	et	al.	(1998)	and	
Dick	and	Tabatabai	(1977)	vs.	Asher	(1980)).	Through	linear	regressions	and	statistical	
analyses	of	absorbance	spectra,	the	sensitivity	and	optimal	wavelengths	(nm)	for	each	
method	were	found.	It	was	concluded	that	the	optimal	wavelengths	for	the	Murphy	and	
Riley	(1962)	and	He	et	al.	(1998)	methods	is	882	nm,	regardless	of	the	background	
medium.	Hypsochromic	shift	of	absorbance	spectra	beyond	2	mg/L	resulted	in	loss	of	
linear	correlation	for	both	the	Murphy	and	Riley	(1962)	and	He	et	al.	(1998)	methods	and	
the	conclusion	that	they	are	best	suited	for	use	with	samples	containing	<	2	mg/L	PO43‐.		
Variance	in	the	absorbance	spectra	of	Dick	and	Tabatabai	(1977)	based	on	
background	media	resulted	in	optimal	wavelengths	of	700	nm	in	ultrapure	water,	886	nm	
in	Bray	P‐1	extractant,	and	888	nm	in	Mehlich	III	extractant,	while	the	Asher	(1980)	
method	was	optimal	at	888	nm	in	all	background	media.	Trichloroacetic	acid	used	in	the	
Dick	and	Tabatabai	(1977)	procedure	resulted	in	the	inability	to	produce	a	colorless	blank,	
a	significant	issue	when	attempting	to	analyze	samples	for	DRP.	As	such,	it	was	concluded	
that	in	forthcoming	experiments,	the	Asher	(1980)	method	would	be	used	when	possible	to	
limit	over‐quantification	of	orthophosphate.	The	inclusion	of	scavenger	ions	decreased	the	
sensitivity	of	DRP	detection,	with	linear	correlation	for	the	Asher	(1980)	method	being	
optimal	at	>	2	mg/L	PO43‐.		Overall,	the	study	suggests	or	confirms	the	optimal	wavelengths	
(nm)	for	each	spectrophotometric	method	and	indicates	that	methods	with	excess	
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molybdate	are	best	used	with	samples	<	2	mg/L	PO43‐	and	methods	containing	scavenger	
ions	are	best	used	with	samples	>	2	mg/L	PO43‐.	
Chapter	three	addresses	the	concern	that	acid	hydrolysis	of	organic‐	or	poly‐P	
species	might	cause	overestimation	of	the	concentration	of	orthophosphate	in	acidic	Mo‐
blue	color	forming	media.	As	part	of	this,	acid	hydrolysis	of	polyphosphate	(pyrophosphate	
and	tripolyphosphate)	and	organic	P	(phytic	acid)	was	evaluated	in	Bray	P‐1	and	Mehlich	
III	solutions	over	a	period	of	1	d.	The	Asher	(1980)	and	He	et	al.	(1998)	colorimetric	
methods	were	used	concurrently	to	evaluate	PO43‐	in	samples,	in	case	samples	were	<	2	
mg/L	PO43‐.	Continued	hydrolysis	of	pyrophosphate	and	tripolyphosphate	over	a	period	of	
3	h	was	detected	by	the	He	et	al.	(1998)	method	in	both	extractants.	Only	the	background	
PO43‐	concentration	from	tripolyphosphate	was	detectable	by	the	Asher	(1980)	method	due	
to	its	higher	limit	of	detection	and	inclusion	of	scavenger	ions.	Phytic	acid	did	not	seem	to	
undergo	hydrolysis	within	the	STP	extractants.	The	findings	indicate	that	if	hydrolysable	
polyphosphate	compounds	are	present	in	soil	samples	they	could	lead	to	overestimation	of	
orthophosphate	during	the	STP	extraction.		
In	Chapter	four,	the	effects	of	P	speciation	and	extraction	time	on	the	results	of	STP	
procedures	were	evaluated	in	manure‐	and	fertilizer‐amended	Central	Illinois	agricultural	
soils.	The	manure‐amended	soils	desorbed	a	much	greater	concentration	of	Po	than	the	
fertilizer‐amended	soils	and	a	slightly	greater	concentration	of	Pi	and	colloidal	P.	Results	
indicate	that	inclusion	of	Po	and	colloidal	P	species	in	STP	procedures	when	ICP‐AES	is	used	
greatly	increases	the	P	concentration	detected.	Extraction	time	also	played	a	major	role	in	P	
concentration	detected	by	the	STP	procedures.	Both	soil	types	exhibited	a	biphasic	increase	
in	Pi	desorption	occurring	at	a	faster	rate	over	~2	h	and	a	slower	rate	for	the	remainder.	
Organic	P	and	colloidal	P	gradually	increased	over	the	entire	time	period.	Mehlich	III	
extracted	greater	concentrations	of	all	P	species,	due	to	being	more	highly	buffered	than	
Bray	P‐1.	If	extraction	time	varies	in	soil	testing	labs,	results	of	STP	can	be	easily	
overestimated	and	alter	fertilizer	recommendations.	In	terms	of	build‐up	maintenance	
recommendations,	such	as	those	used	in	Illinois,	a	longer	STP	extraction	time	could	place	a	
soil	into	the	“no	fertilization	needed	category”,	when	if	taken	at	the	recommended	
extraction	time	the	soil	would	be	in	the	“maintenance	required”	category.	This	effect	may	
actually	be	desirable,	considering	the	widespread	over‐application	of	P	fertilizer.	Further	
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research	should	be	conducted	about	whether	longer	STP	extraction	times	may	actually	
correlate	better	to	plant‐available	P.	
Soil	test	phosphorus	procedures	are	designed	to	identify	“optimum”	available‐P	
concentrations	required	for	plant	growth.	Kinetic	limitation	is	often	questioned	whether	
STP	is	reliable	to	account	for	the	plant	P	requirement	over	a	long	growing	season.	It	was	
unclear	how	STP	extractions	are	correlated	to	temporal‐scale	P	availability	for	the	high	
base	saturation	Illinois	agricultural	soils	used	in	this	study.	Manure‐amended	soils	released	
a	greater	concentration	of	Pi,	Po,	and	colloidal	P	than	the	fertilizer‐amended	soils,	which	
was	proportional	to	the	trends	observed	in	the	STP	values.	Trends	of	P	species	release	in	
0.01	M	CaCl2	were	similar	to	those	observed	in	STP	desorption,	the	only	inconsistencies	
being	that	the	fertilizer‐amended	soils	released	more	Po	than	Pi,	and	that	colloidal	P	could	
not	be	detected.	Short‐	and	long‐term	end	points	of	the	long‐term	desorption	experiment	
were	correlated	with	STP	values.	In	these	soils,	it	is	the	case	that	soils	higher	in	STP	can	
reasonably	be	expected	to	release	more	P	over	a	growing	season.	
The	results	of	this	study	have	several	important	implications	regarding	the	use	of	
STP	extractants.	Interpretation	of	STP	results	can	be	improved	by	employing	the	findings	of	
the	aforementioned	studies.	Optimal	wavelengths	for	the	Dick	and	Tabatabai	(1977)	and	
Asher	(1980)	colorimetric	methods	have	been	refined,	taking	into	consideration	the	use	of	
Bray	P‐1	and	Mehlich	III	STP	extractants	as	the	background	media.	Optimal	wavelengths	
for	the	Murphy	and	Riley	(1962)	and	He	et	al.	(1998)	methods	have	been	confirmed	for	use	
with	STP	extractants	as	the	background	medium.	It	was	shown	that	hydrolysable	P	species	
can	influence	the	concentration	of	DRP	detected	in	STP	extracts.	It	was	also	shown	that	
organic	and	colloidal	P	species	will	increase	the	amount	of	DRP	detected	if	methods	such	as	
ICP	are	used.	Manure‐amended	soils	appear	to	contain	a	greater	concentration	of	Pi,	Po,	and	
colloidal	P	than	fertilizer‐amended	soils.	Finally,	it	was	shown	that	extraction	time	has	a	
major	impact	on	STP	extracts.	It	is	imperative	that	extraction	times	are	strictly	uniform,	
any	deviance	will	impact	results	and	make	comparisons	between	results	invalid.	
In	addition	to	our	recommendation	above,	there	are	still	many	opportunities	for	
future	research	and	improvements	to	STP	procedures.	Calibrations	are	ideally	carried	out	
in	experimental	cultivation	fields	under	conditions	similar	to	where	the	STP	will	be	put	to	
use	(Dahnke	and	Olson	1990).	Soil	critical	test	levels	can	be	determined,	displaying	the	
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point	where	correlation	between	STP	values	and	crop	yield	increase	flattens,	making	it	
obvious	that	P	would	no	longer	be	the	limiting	nutrient	(Black	1993).	There	is	a	need	
however	for	updated	calibrations	between	STP	and	crop	yields,	as	the	ones	currently	in	use	
by	the	Illinois	agronomy	handbook	are	“limited”	(Fernández	and	Hoeft	2009).	Soil	
properties	have	likely	changed	since	the	last	set	of	calibrations	were	completed	due	to	
fertilizer	and	manure	applications	and	land	management	strategies.	In	addition,	
calibrations	should	be	done	using	soils	of	differing	chemical	properties	and	native	P	
availability,	so	that	correlations	between	STP	values	and	%	yields	can	be	applied	on	a	more	
localized	basis.	
Soil	test	P	critical	test	levels	are	evaluated	by	multiple	statistical	methods,	and	often	
do	not	agree	with	one	another,	showing	different	correlation	factors.	It	is	important	to	
choose	a	single	correlation	within	a	region	and	apply	it	from	lab	to	lab,	so	that	there	is	
consistency	in	what	the	soil	critical	test	level	is	(Mallarino	and	Blackmer	1992).	STP	values	
are	further	used	to	divide	soils	into	several	interpretation	categories	based	on	“P‐supplying	
power	of	the	soil.”	P	supplying	power	refers	to	the	P	buffering	capacity	of	a	soil,	or	the	
intensity	with	which	it	is	able	to	replace	soil	solution	P	from	labile	P	sources	such	as	
colloidal	and	organic	P	(McCollum	1991).	P‐buffering	shows	variability	on	a	localized	scale	
based	on	clay	content	and	composition,	pH,	and	amount	of	organic	matter	present.	P	
supplying	power	in	the	state	of	Illinois	is	split	up	into	the	categories	of	low,	medium,	and	
high.	Low,	medium,	and	high	regions	of	P	supplying	power	cover	large	vague	areas	of	the	
state,	creating	doubt	that	interpretations	can	be	valid	due	to	the	fact	that	P‐buffering	
characteristics	are	much	more	variable	soil	to	soil	than	the	broad	regions	proposed	by	the	
Illinois	Agronomy	Handbook	(Fernández	and	Hoeft	2009).	Due	to	these	differences	the	
recommended	application	rate	of	9	lb	P2O5	to	increase	STP	by	1	lb	should	not	be	
considered	valid	for	all	Illinois	soils.	
The	gap	between	use	of	ICP‐AES/OES	and	colorimetric	techniques	for	STP	needs	to	
be	addressed.	ICP‐AES/OES	use	yields	an	estimation	of	total	P	within	an	extract,	but	
calibration	for	plant	uptake	and	response	is	far	less	developed	for	this	method	than	for	
colorimetric	methods.	If	ICP	use	is	to	supplant	colorimetric	analysis	as	the	primary	method	
of	evaluating	P	content	of	STP	extracts,	extensive	studies	should	be	conducted	to	correlate	
crop	growth	to	the	STP	concentrations.	A	shift	towards	ICP	may	be	ideal	as	available	
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inorganic	and	organic	P	are	quantified	instead	of	solely	inorganic	and	plants	have	been	
shown	to	utilize	organic	P	via	enzymatic	activity.	
Sampling	to	plow	depth	(surface	7	in)	is	an	unrealistic	illustration	of	the	rooting	
depth	of	commonly	grown	crops.	Corn	and	soybean	have	been	shown	to	root	to	depths	of	
~5	and	~4	ft,	respectively	(Allmaras,	Nelson,	and	Voorhees	1975).	To	more	accurately	
assess	available	P,	studies	should	be	conducted	that	sample	to	the	rooting	depth	of	crops	
being	grown	in	that	region.	Calibration	to	results	of	P	extracted	from	these	samples	would	
allow	for	a	greater	understanding	of	crop	needs.		
Though	STP	is	considered	to	be	a	more	reliable	test	than	counterparts	for	many	
other	soil	elements	(Fernández	and	Hoeft	2009),	there	is	still	much	to	be	desired.	
Environmental	impacts	of	excess	P	such	as	hypoxia	and	eutrophication	exhibit	that	sizable	
amounts	of	P	are	being	lost	from	agricultural	soils.	STP	measurements	should	account	for	
both	agronomic	and	environmental	impacts,	not	one	or	the	other.	This	can	be	accomplished	
by	using	an	extraction	methodology	that	identifies	plant‐available	forms	of	P	
(orthophosphates)	and	labile	P	including	organic	and	particulate	P	that	becomes	available	
to	crops	as	plant‐available	P	is	depleted	in	the	soil	solution	(Eliason,	Lamb,	and	Rehm	
2001).	Agronomic	field	collections	of	samples	for	STP	must	also	be	examined,	as	the	
current	methods	for	collection	of	STP	samples	has	many	inadequacies.	
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